Tissue factor (TF) expression by tumor cells correlates with metastasis clinically and supports metastasis in experimental settings. However, the precise pathways coupling TF to malignancy remain incompletely defined. Here, we show that clot formation by TF indirectly enhances tumor cell survival after arrest in the lung, during experimental lung metastasis, by recruiting macrophages characterized by CD11b, CD68, F4/80, and CX 3 CR1 (but not CD11c) expression. Genetic or pharmacologic inhibition of coagulation, by either induction of TF pathway inhibitor expression or by treatment with hirudin, respectively, abrogated macrophage recruitment and tumor cell survival. Furthermore, impairment of macrophage function, in either Mac1-deficient mice or in CD11b-diphtheria toxin receptor mice in which CD11b-positive cells were ablated, decreased tumor cell survival without altering clot formation, demonstrating that the recruitment of functional macrophages was essential for tumor cell survival. This effect was independent of NK cells. Moreover, a similar population of macrophages was also recruited to the lung during the formation of a premetastatic niche. Anticoagulation inhibited their accumulation and prevented the enhanced metastasis associated with the formation of the niche. Our study, for the first time, links TF induced coagulation to macrophage recruitment in the metastatic process. (Blood. 2012;119(13): 3164-3175)
Introduction
Clinical and experimental studies over the past 30 years have established that the coagulation system actively supports tumor progression and metastasis. Consistent with these observations, expression of procoagulants by tumor cells, among them tissue factor (TF), cancer procoagulant, 1 and selectin ligands, correlates with advanced disease and poor outcome for multiple cancer types. 2, 3 TF (also known as coagulation factor III or CD142) is the protease receptor that initiates coagulation after injury through the extrinsic pathway. Under normal physiologic conditions, TF expression is limited to extravascular sites that only become exposed to blood after trauma. In this case, the exposed TF binds to and activates the blood-borne coagulation factor FVII, triggering clot formation through a cascade of proteolytic events that results in thrombin formation, activation of platelets, and fibrin deposition. 4 In addition to triggering coagulation, the binding of FVIIa to TF activates intracellular signaling pathways through the TF cytoplasmic domain, by activating G-protein-coupled protease activated receptors (PARs), especially PAR2. 4 These signaling pathways support tumor angiogenesis 5, 6 and regulate tumor progression. 7 Intracellular signaling pathways can be distinguished experimentally from the extracellular coagulative roles of TF by specific antibodies 7 or deletion of the cytoplasmic domain that eliminates many forms of TF signaling but still triggers coagulation. 6, 8, 9 TF enhances tumor growth and angiogenesis, [4] [5] [6] [7] 10 and specifically plays an important role in some experimental models of hematogenous metastasis. In mice, inhibition of TF reduces metastasis. Conversely, TF expression by tumor cells may result in increased metastatic potential. [11] [12] [13] [14] [15] [16] [17] Indeed, metastatic cancer cells can express as much as 1000-fold higher levels of TF than their corresponding nonmetastatic cancer cells, 14 and cancer stem cells may also express higher levels of TF. 18 In some experimental settings, the cytoplasmic domain of TF has been proven to be required for maximal metastatic potential, 12, 15, 17, 19 whereas in others it was dispensable. 20 Thrombin activation is a critical common step in the coagulation cascade and an important determinant of metastasis. 21 The metastatic potential of tumor cells in murine models can be decreased by direct 22, 23 or indirect inhibition of thrombin, based on a wide variety of pharmacologic or genetic means: deficiency in prothrombin or in fibrinogen, impairment of platelets, genetic deletion of the murine platelet thrombin receptor PAR4, and regulation of thrombin by endothelial thrombomodulin. 24 Taken together, these findings suggest that the TF-related metastatic potential is mainly directed through downstream thrombin generation and thrombin-mediated proteolysis, 1, 3 and that activation of thrombin through other means would also stimulate metastatic potential.
Several mechanisms by which platelets, thrombin, and fibrin could help to support metastasis have been identified. 3 Among them are: tumor cell spreading, 25 protection from the intravascular shear forces, protection from NK cell killing and evasion of the immune system, 20, 26, 27 secretion of chemokines and cytokines that may promote tumor cell migration, and proliferation and activation of the endothelium, promoting adhesion. 28 Recently, platelets have been shown to induce epithelial-mesenchymal-like transition in tumor cells, enhancing their metastatic potential, via TGF-␤/Smad and NFB pathways. 29 Here, we identify a previously unknown thrombin-dependent but NK-independent mechanism, in which TF-induced platelet clots recruit macrophages that are essential for in vivo tumor cell survival. Moreover, we uncover a crucial role for coagulation in the establishment of the premetastatic niche.
Methods

Cell culture, immunoblotting, and cell staining
The human A7, A7/TF, and A7/TF⌬CD and the murine B16F10, B16F10-TF pathway inhibitor (TFPI), and B16F10-vector (pcDNA3.1/Zeo) melanoma cell lines have been previously described. 8, 11 Details regarding cell culture and lysis can be found in supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Western blots were performed with the following antibodies: murine anti-human-TF-extracellular domain monoclonal antibody (TF9-10H10; Calbiochem), rabbit anti-human-TF-cytoplasmic domain polyclonal antibody (TFcT, generated in the laboratory of W.R.), and goat anti-mouse-TF polyclonal antibody (R&D Systems).
Cells were stained with 5-chloromethylfluorescein diacetate (CMFDA), 9Ј-(4-(and 5)-chloromethyl-2-carboxyphenyl)-7Ј-chloro-6Ј-oxo-1,2,2,4-tetramethyl-1,2-dihydropyrido[2Ј,3Ј-6]xanthene (CMRA), or 7-amino-4-chloromethylcoumarin (CMAC; 12.5M; Invitrogen), following the manufacturer's protocol.
Platelet isolation and staining
Platelets were isolated from whole blood samples as described previously 25 and in supplemental Methods, and the purity of the sample confirmed with an ABX Pentra (Horiba). Platelets were counted in a Coulter counter (Beckman; 50-m aperture tube, 3-to 30-fL particles), adjusted to 8 ϫ 10 5 platelets/L with washing buffer, and stained with PKH26 (Sigma-Aldrich) following the manufacturer's protocol. Platelets were centrifuged at 1250g at 22°C for 20 minutes and then adjusted to 9 ϫ 10 6 (for in vivo experiments) or to 6 ϫ 10 6 (for ex vivo experiments) platelets/L in resuspension buffer.
Animals and drug treatments
All animal procedures were carried out in accordance with the United Kingdom Animals (Scientific Procedures) Act 1986 and following local ethic review. SCID mice (CB17/ICR-Prkdc scid /Crl) and C57BL/6J mice were purchased from Charles River Laboratories. Cx 3 cr1 gfp/ϩ and Cx 3 cr1 gfp/gfp mice (B6.129P-Cx3cr1 tm1Litt /J) were obtained from The Jackson Laboratory. 30, 31 C57Bl-6J/FVB/CD11b-diphtheria toxin receptor (DTR) and B6.Mac1-KO mice were gifts from Professor Martin Bennett, University of Cambridge, Cambridge, United Kingdom 32 and Professor Siamon Gordon, University of Oxford, Oxford, United Kingdom, respectively. 33 Matrigel (growth factor reduced, BD Biosciences) was used for subcutaneous implantation of tumor cells in certain experiments.
Recombinant hirudin (Refludan; Pharmion) was administered intraperitoneally at 20 mg/kg, 22,23 5 minutes before and 4 hours after the intravenous injection of tumor cells (and platelets) or on days 5 and 9 after the first signs of subcutaneous tumor growth.
Diphtheria toxin (DT; List Biological Laboratories) was administered intraperitoneally at 15 ng/g, on 2 consecutive days.
Anti-asialo-GM1 antibody (20 L; Wako Chemicals GmbH) was administered intraperitoneally once a week for 3 weeks. 34 For in vivo experiments, an intact lung imaging technique was performed, as described previously 25 and detailed in supplemental Methods. The isolated lung was inflated with 0.6 mL of air and remained inflated during the imaging.
Microscopy and image analysis
Images were acquired using an inverted epifluorescence microscope (DM IRB; Leica Microsystems) and a digital camera (Orca; Hamamatsu Photonics), and analyzed with Open Lab (Improvision; PerkinElmer Life and Analytical Sciences) and ImageJ Version 1.46 (http://rsb.info.nih.gov/ ij) software.
Z-stack images were acquired with an inverted confocal microscope (LSM-710; Carl Zeiss Microimaging). The 32 PMT array of the confocal was used to record images, which were subsequently unmixed with Zen 2009 software using individually recorded spectra to remove inherent autofluorescence. Some images were acquired using an inverted confocal microscope (Radiance 2000-Nikon eclipse TE300; Bio-Rad and Nikon, respectively) and analyzed using LaserSharp 2000 (Bio-Rad) software. The objective lenses and the imaging setups for the different combinations of fluorophores are described in supplemental Methods. Image stacks of 30 to 50 slices with an interval of 1 to 1.5 m of at least 10 random fields per lung were acquired. Maximum projections of the stacks are shown in the figures.
Volume of the clots associated with tumor cells were analyzed from z-series images. A slice containing the object of interest was selected and an appropriate threshold set to segment the object from the background. This threshold was then applied to the whole volume and the number of voxels in the object of interest calculated. Finally, voxels were converted into cubic micrometers according to the imaging setup.
Spatial heterogeneity of CX 3 CR1-green fluorescent protein (GFP) cells was analyzed from maximum projection images obtained from z-series. The positions of local maxima above a threshold in the maximum projection image were used to represent the spatial distribution of the GFP cells. The degree to which the spatial distribution of these points deviated from a random Poisson distribution was quantified using Ripley K test. 35 To score the number of cells in maximum projection images from z-series, the number of objects above a certain size limit and gray levels threshold was automatically counted.
Flow cytometry and immunohistochemistry
Single-cell suspensions from murine lung tissues were obtained as described in supplemental Methods. Surface levels of F4/80 (BM8; Invitrogen), CD11b (M1/70; eBioscience), Gr-1 (RB6-8C5; eBioscience), and NK-1.1 (PK136; eBioscience) on the lung cells were analyzed by flow cytometry performed on a FACSCalibur cytometer equipped with BD Cell Quest Version 6 software (BD Biosciences) and data analyzed with FlowJo Version 7.6.5 software.
Murine tissue sections were obtained as described in supplemental Methods, blocked and stained with the corresponding antibodies: rat anti-CD11b, rat anti-F4/80, rat anti-CD68, rat anti-Gr-1, and hamster anti-CD11c (all from Abcam), rat anti-CD45 and hamster anti-CD3⑀ (both from BD Biosciences Pharmingen), rat anti-integrin ␣ IIb (Santa Cruz Biotechnology), and goat anti-matrix metalloproteinase-9 (anti-MMP-9; R&D Systems). TSA biotin system amplification (PerkinElmer Life and Analytical Sciences) was performed using biotinylated secondary antibodies and streptavidin-conjugated fluorophores. Alkaline phosphatase-based amplification was performed using Polink-2 Plus AP Detection System (Golden Bridge International) and phosphatase substrate ELF97 (Invitrogen).
Statistical analysis
Statistical analysis was performed with GraphPad Prism Version 5.02, as described in supplemental Methods. The particular test performed in each experiment is indicated in the corresponding figure legend. Differences were considered significant with P less than .05. Data represent mean plus SD, unless specified otherwise.
Results
Clot formation by tumor cells in vivo leads to enhanced survival
TF triggers coagulation, but whether coagulation is critical for induction of metastasis by TF varies between different systems. 15, 17, 20 We first asked whether TF expression by tumor cells led to platelet clot formation. The A7 human melanoma cell line does not express TF. TF expression was induced by transfection of an expression vector to generate a stable population (A7/TF, Figure 1A ). 8 A7 cells were associated with fewer and smaller platelet aggregates ex vivo than A7/TF cells ( Figure 1B) . In vivo, labeled platelets were used to visualize clots (previously shown to include both platelets and fibrin(ogen) 25 ) surrounding A7 and A7/TF cells in the lung. Two hours after intravenous injection of the tumor cells, significantly more and larger clots were associated with A7/TF cells than with A7 cells ( Figure 1C ; supplemental Video 1).
Highly metastatic murine melanoma B16F10 cells express TF 11 ( Figure 1A ). Inhibition of TF in B16F10 cells with TFPI, an endogenous inhibitor of both the coagulative and the signaling activities of TF, 36 leads to metastatic failure. 11 Expression of TFPI in B16F10 cells (B16F10-TFPI) reduced clot formation on the tumor cells at 2 hours and 8 hours in vivo. By 24 hours, all of B16F10-wt cells, but none of the B16F10-TFPI, were surrounded by clots. Although TFPI expression reduced the percentage of cells with associated clots, it had little effect on the size of clots produced initially (2 hours; Figure 1D ; and data not shown). We concluded that, in both these tumor cell lines, TF activity regulated platelet clot formation surrounding arrested tumor cells in the pulmonary circulation.
TF activity not only promotes clot formation but also tumor cell survival in the lungs. An equivalent number of either A7 (lacking TF) or A7/TF tumor cells were found in the lungs 2 hours after the injection ( Figure 1E ). However, by 24 hours, the survival of A7/TF cells was substantially greater than that of A7 cells, which were undetectable. Similarly, the survival of B16F10-wt cells was significantly higher than that of B16F10-TFPI. The decrease in cell number between 2 and 24 hours is an expected manifestation of metastatic inefficiency.
The effect of intracellular TF signaling on metastasis was tested by expressing TF lacking the cytoplasmic domain in A7 cells 8 (A7/TF⌬CD; Figure 1A ). The A7/TF⌬CD cells were sorted to isolate populations with expression levels of the extracellular domain of TF similar to A7/TF cells (supplemental Figure 1A ). An equivalent number of platelet aggregates formed ex vivo around A7/TF⌬CD and A7/TF cells, although those surrounding A7/TF⌬CD were slightly smaller in size ( Figure 1B ). Platelet clot formation in vivo and cell survival at 24 hours were not altered by the deletion of the cytoplasmic domain of TF ( Figure 1C ,E). We conclude that cellular signaling through TF does not contribute to early cancer cell survival in vivo.
Inhibition of clot formation with hirudin, a potent and selective inhibitor of thrombin, should not alter the initial interaction of TF with FVII and the intracellular signaling processes that depend only on TF. Treatment with hirudin resulted in not only a substantial decrease in clot formation but also reduced cell survival (8 hours) in the lung ( Figure 1F ; supplemental Figure 1B ). We conclude that the coagulative activity of TF is crucial for early tumor cell survival in the lung.
Myeloid cells are recruited to tumor cells through clot formation
Clots are known to recruit macrophages in atherosclerotic plaques and after trauma. 37 Platelets mediate the recruitment of bone marrow-derived cells to hypoxic tissues to promote angiogenesis. 38 To ask whether tumor cell clot formation recruits macrophages, we visualized monocytes/macrophages using the CX 3 CR1-GFP heterozygous mouse (Cx 3 cr1 gfp/ϩ , a GFP knock-in within the coding region of one allele of the fractalkine receptor, CX 3 CR1, disrupting its expression). The predominant population of CX 3 CR1-GFP ϩ cells are myeloid derived. 30, 31 From 30 minutes to 24 hours after B16F10 cell injection, lungs were isolated and imaged as intact organs. Initially after the injection, the distribution of the GFP ϩ cells was homogeneous, but by 2 hours the GFP ϩ cells started to group around the tumor cells and their clots. By 8 hours, clusters of myeloid cells were evident around the tumor cells. At 16 hours, the clusters started to dissolve; and by 24 hours, the overall distribution of the myeloid cells had returned to its original homogeneous pattern ( Figure 2A ). As these mice had been injected with labeled platelets to enable their detection, we verified that clusters of GFP ϩ cells were also observed around the tumor cells in mice not injected with platelets (supplemental Figure 2A) . We analyzed the distribution of GFP ϩ cells with a Ripley test and confirmed the impression that clustering peaked at 8 hours and abated at 24 hours after the intravenous injection of the tumor cells (Figure 2A ). At all time points, the GFP ϩ cells were seen in continuity with the tumor cells via the clots, as if the clots were a bridge that brings together tumor cells and myeloid cells (Figure 2A ; supplemental Videos 2-4). After the dispersal of the clusters, the tumor cells retained contact with a few GFP ϩ cells (Figure 2A arrowheads). Thus, the initial cluster formation may serve to recruit cells of which a few then remain in contact with the tumor cell. Similar experiments in the CX 3 CR1-GFP homozygous mouse (Cx 3 cr1 gfp/gfp ), which is completely deficient in CX 3 CR1, showed that the fractalkine receptor was not essential for the formation of clots around the tumor cells, the recruitment of myeloid cells to the tumor cells, or tumor cell survival in the lung ( Figure 2B ).
To examine the relationship of clot formation to myeloid cell recruitment, we asked whether the prevention of clot formation led to alterations in myeloid recruitment. We inhibited TF by expression of TFPI, using B16F10-TFPI cells. We also inhibited the downstream key coagulant protein, thrombin, with hirudin. Both strategies resulted in a reduction in clustering of GFP ϩ cells around tumor cells ( Figure 2C ; supplemental Figure 2B -C). Thus, platelet clot formation by arrested tumor cells was required for the subsequent myeloid cell recruitment.
Characterization of the recruited myeloid cells
The CX 3 CR1-GFP ϩ cells recruited to tumor cells could reflect a variety of myeloid cell types. 30, 31 To determine the nature of these cells, we performed immunohistochemistry on sections of lungs that were harvested 8 hours after B16F10 injection, the time of maximal cluster formation by CX 3 CR1-GFP cells. The majority of the recruited CX 3 CR1-GFP cells stained for CD11b, but not for CD11c ( Figure 3A) . Overall, the majority of the GFP ϩ cells in the clusters were CD11b, F4/80, and CD68 positive. They were rarely positive for Gr-1, a marker of granulocytes and myeloid derived suppressor cells; or CD3⑀, a marker of lymphocytes. Staining for CD45 confirmed that the GFP ϩ cells were immune cells ( Figure 3B ). To extend these results, we tested cellular recruitment of CSF-1R-GFP ϩ myeloid cells in response to tumor cell arrest in mice. 39 After introduction of the syngeneic Met-1 cell line in Csf1r-GFP FVB mice, the majority of the clustered GFP ϩ cells were CD11b ϩ . Again, very few of the recruited cells had markers characteristic of dendritic, myeloid-derived suppressor, lymphoid cells, or neutrophils (supplemental Figure 3) . Immunohistochemistry of lungs from C57BL/6 mice injected with B16F10 cells further confirmed that the clusters of cells surrounding the tumor cells were predominantly CD11b ϩ ( Figure 4B ). Clusters of CD11b ϩ cells also surrounded 4T1 murine breast and 1205Lu human melanoma cells in the pulmonary vasculature of BALB/c and SCID mice, respectively, 8 hours after intravenous injection (data not shown). Thus, the predominant recruited population is composed of CD11b ϩ , F4/80 ϩ , CD68 ϩ , CX 3 CR1 ϩ , CD11c Ϫ , Gr-1 Ϫ , and CD3⑀ Ϫ cells, consistent with a population of myeloid cells differentiated along the macrophage lineage.
Monocyte/macrophage recruitment is essential for tumor cell survival
To determine whether the platelet clots on the surface of the tumor cells per se or the subsequent recruitment of myeloid cells was responsible for the increase in tumor cell survival, we used 2 models in which the function of monocytes/macrophages was impaired. In the CD11b-DTR model, the CD11b promoter is linked to the human DTR, 32 conferring sensitivity to DT and permitting selective ablation of CD11b ϩ cells in vivo. Treatment with DT led to a substantial reduction in the population of CD11b ϩ cells within the myeloid gate. Depletion was evident in peripheral blood and in the lung, at the time of the injection of tumor cells and 8 hours later ( Figure 4A ). As previously reported, this treatment did not affect the neutrophil number, probably because of their relatively lower levels of CD11b expression. 32 Many fewer CD11b ϩ cells were present, but those remaining still formed smaller clusters around 
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BLOOD, 29 MARCH 2012 ⅐ VOLUME 119, NUMBER 13 For personal use only. on September 23, 2017. by guest www.bloodjournal.org From the tumor cells in the lung ( Figure 4B ). Platelet clots formed around the tumor cells in the DT-treated mice with a similar frequency to that in wt mice ( Figure 4C ). However, the tumor cell survival in the lung of the CD11b-DTR mice treated with DT was significantly decreased compared with CD11b-DTR mice treated with saline. DT treatment did not affect tumor cell survival in the lungs of wt mice ( Figure 4D ). Thus, platelet clot formation itself was not sufficient to confer survival on arrested tumor cells, but the ability of the clot to recruit CD11b ϩ cells was critical.
In the second model, we impaired monocyte/macrophage function using the Mac1 KO mouse, which lacks the ␣ M subunit (CD11b) of the Mac1 ␣ M ␤ 2 (CD11b/CD18) heterodimeric integrin 33 ( Figure 4B ). B16F10 cells formed platelet clots in the Mac1 KO mice to the same extent as in wt mice ( Figure 4C ). Fewer CD45 ϩ cells and virtually no F4/80 ϩ cells were recruited to the tumor cells in Mac1 KO mice compared with wt (supplemental Figure 4A ). Tumor cell survival in the lung was markedly reduced. Experimental metastasis assays confirmed a reduction in lung colonization by B16F10 cells in the Mac1 KO mouse ( Figure 4D) . Thus, tumor cell clot formation is not sufficient to provide tumor cell survival but requires the recruitment of functional CD11b ϩ cells.
Coagulation has been shown to protect tumor cells from NK activity. 20, 27 To evaluate whether macrophages modulated NK-cell responses, we asked whether NK depletion was able to reverse the difference in metastasis between wt and Mac1-deficient mice. Treatment with anti-asialo-GM1 antibody reduced the number of NK cells in the lung by approximately 90% (supplemental Figure 4B). NK depletion led to an increase in the number of metastatic lung nodules in both genotypes, but Mac1 KO mice remained with significantly and proportionally fewer metastatic lung nodules than wt mice. Moreover, the incidence of metastasis in nonpreferential organs, such as liver, ovary, kidney, and brain, was also less in Mac1 KO mice (supplemental Figure 4C) . Thus, macrophage support of tumor cell survival in the lung appears to be independent of NK-cell activity ( Figure 4E ).
Coagulation is required for the establishment of the premetastatic niche
A primary tumor can generate a premetastatic niche, making distant sites more receptive to the development of metastasis. This phenomenon translates into an increase in the number of lung colonies, after intravenous introduction of tumor cells, in animals bearing a primary tumor compared with naive animals. [40] [41] [42] [43] Because this preconditioning results in increased numbers of CD11b ϩ cells in the lungs, 40, 41, 43 we asked whether preconditioning can substitute for the functions provided by the coagulationinduced CD11b ϩ cells clustered around tumor cells. The presence of a primary tumor resulted in an increase in the population of CD11b ϩ cells and in MMP-9 (both cells and secreted protein) in the lung, as previously described 40, 41 (Figure 5A-B; supplemental Figure 5A ). This increase in CD11b cells was observed by 2 weeks after the tumor cell implantation, but not after 1 week (supplemental Figure 5B ). We introduced B16F10 cells by intravenous injection into mice bearing B16F10 subcutaneous tumors ( Figure  5A ). Consistent with the formation of a premetastatic niche, the presence of a primary tumor led to an increase in B16F10 survival, Figure 5C ), and in the number of metastatic lung nodules ( Figure 5D ). We then asked whether preconditioning would reduce the inhibitory effect of anticoagulation on tumor cell survival. Treatment with hirudin at the time of intravenous injection of tumor cells reduced the number of surviving tumor cells and subsequent colony formation to the same level regardless of preconditioning ( Figure 5C-D) . Thus, formation of a premetastatic niche did not substitute for coagulation in the early events in lung colonization.
hours after intravenous injection (
Finally, we investigated whether coagulation participates in the establishment of the premetastatic niche. Mice implanted with xenografts of B16F10-wt or B16F10-TFPI cells were treated with hirudin after palpable tumors were noted ( Figure 5E ). This design introduced hirudin after it would substantially alter tumor growth 23 (supplemental Figure 5C ). Hirudin was withdrawn in time to restore coagulation before intravenous injection of the tumor cells. This protocol inhibited the establishment of a premetastatic niche, as defined by enhanced lung colonization. Pretreatment with hirudin in the absence of a premetastatic niche (naive mice) did not have any effect on the number of lung nodules ( Figure 5F ). The numbers of CD11b ϩ cells in the lungs were at control levels after pretreatment with hirudin ( Figure 5G) . Moreover, the involvement of coagulation in the establishment of the premetastatic niche was confirmed using the TF-deficient cell line, B16F10-TFPI. In this case, the presence of a primary tumor failed to enhance the numbers of lung colonies. Hirudin pretreatment of naive mice or of B16F10-TFPI tumor-bearing mice did not have a significant effect on the number of metastatic lung nodules or on the level of CD11b ϩ cells in the lung (supplemental Figure 5D-E) .
To further characterize the cells recruited to the premetastatic niche, we implanted xenografts of B16F10 cells in CX 3 CR1-GFP heterozygous mice. We found an increase in the population of GFP cells in mice with a primary tumor and that these GFP cells tended to be found in clusters ( Figure 6A ). Eight hours after intravenous injection of tumor cells in preconditioned mice, 87% of the tumor cells were surrounded by platelet clots and 84% by clusters of GFP cells. However, 24 hours later, as had been observed in naive mice, those clusters had abated ( Figure 6B ). We characterized the GFP ϩ cells in the clusters and observed that they were mainly CD11b ϩ , CD11c Ϫ , CD68 ϩ , Gr-1 Ϫ , and CD3⑀ Ϫ , similar to those identified surrounding tumor cells previously in naive mice ( Figure 6C ).
Discussion
A body of evidence shows that the expression of TF by cancer cells, as well as other procoagulant factors, enhances their metastatic capacity. 3 An independent body of evidence shows that monocytes/ macrophages are essential for effective metastasis. 44 Our work, for the first time, links TF-induced coagulation to macrophage recruitment in the metastatic process. Failure to form platelet clots around tumor cells led to decreased macrophage recruitment and impaired tumor cell survival. Clot formation without recruitment of functional macrophages was not sufficient to support tumor cell survival. Finally, inhibition of clot formation also prevented the formation of a premetastatic niche and its associated recruitment of monocytes/macrophages to the lungs (Figure 7) .
We have altered tumor cell-induced clot formation with 3 different approaches: expression of TF in TF-deficient cells (A7), expression of the primary regulator of TF, TFPI, in cells proficient for TF (B16F10), and inhibition of the downstream key procoagulant enzyme, thrombin, with hirudin. All 3 strategies, genetic and pharmacologic, have led to the same conclusion: clot formation by the tumor cells is essential for their survival in the lung in the early stages of metastasis. Consistent with these results, deletion of the cytoplasmic domain of TF in A7/TF⌬CD cells, which did not affect the procoagulant activity of TF, did not reduce tumor cell survival in the lung. Our data are in agreement with previous observations, in which an absence of the cytoplasmic domain did not alter the metastatic potential to the lung, but the entire lack of TF led to metastatic failure. 20 During tumor growth, however, signaling through the cytoplasmic domain, leading to PAR2 activation through TF-VIIa-mediated cleavage, can play a crucial role. 9, 15, 17, 19 Thus, the effect of TF in promoting metastatic tumor cell survival is linked to its capacity to induce clot formation on the tumor cell and not to intracellular events that depend on the cytoplasmic domain. To investigate how these clots promote tumor cell survival, we studied their possible interaction with myeloid cells because clots are well known to be able to recruit monocytes/macrophages. 37, 38 To show that platelet clot formation led to myeloid cell recruitment, we used 2 approaches: inhibition of tumor cell TF with TFPI and inhibition of thrombin with hirudin. Both strategies led to reduced clustering of macrophages. Intracellular signaling dependent on TF should continue, even in the presence of hirudin, indicating that this signaling is not sufficient to trigger the recruitment. To determine whether monocyte/macrophage recruitment contributed to metastasis, we examined 2 models with impaired function of monocytes/macrophages. Tumor cells still induced platelet clot formation in both these models, but tumor cell survival was diminished. These experiments showed that clot formation per se was not sufficient to provide tumor cell survival but required the subsequent recruitment of functional monocytes/ macrophages. Thus, the recruitment of macrophages directed by coagulation induced by tumor cell TF is an integral part of metastasis initiation. It has been shown recently that TF expression by host stromal cells, including myeloid and endothelial cells, does not play a critical role in tumor growth. 45 Whether TF expression in the host is relevant for the metastatic process needs further investigation. However, these experiments provide some clues as to the mechanism by which platelet clots recruit and retain macrophages. Macrophage recruitment to tumor cells was decreased in Mac1-deficient mice, suggesting that macrophage CD11b plays a role. Mac1 is critical for myelomonocitic cell recruitment to sites of inflammation. The integrin CD11b can bind to clot components, such as platelet glycoprotein Ib␣ and fibrin, 46 as well as activated endothelium. Selectins have been shown to participate in the interactions between cancer cells, platelets, and leukocytes. Laubli et al showed that a coculture of tumor cells expressing P-selectin ligand, leukocytes, and platelets led to endothelial cell activation and induction of CCL5, whose inhibition in vivo was able to attenuate metastasis. 28 Thus, tumor cells are able to trigger coagulation by different means with overlapping, but not identical, consequences.
Coagulation has been implicated in metastasis through protection of tumor cells from NK cells. Palumbo et al 20, 27 showed that TF confers metastatic potential, even in the absence of NK cells. They postulated the existence of at least 1 additional mechanism, prothrombin-dependent and NK-independent, by which tumor cell-associated TF supported the stable adhesion/survival of tumor cells in the lungs. 20, 27 Our experiments implicate monocytes/ macrophages recruited by clots as one potential NK-independent mechanism. Historically, macrophages were considered to exclusively exert an antitumoral activity. It is now recognized that macrophages also enhance tumorigenesis and progression. 44, 47 Qian et al have shown that ablation of macrophages at the time of intravenous injection of tumor cells leads to depressed numbers of lung colonies. 39 They also observed that recruitment to the lung of a population of macrophages, 39 similar to the one we have found, by tumor cells, was dependent on CCL2. 48 The possibly differing roles of the initial cluster or the subsequent direct contact with the tumor cells remain to be elucidated. It is plausible that several waves of recruitment of monocytes/macrophages occur, being the first wave coagulation-dependent and responsible for the initial survival of tumor cells in the pulmonary capillaries. A recent report from Chen et al 49 shows that aberrant expression of VCAM-1 in breast cancer cells serves to interact directly with macrophages via ␣4 integrins and triggers a signaling pathway that results in tumor cell survival, by counteracting proapoptotic signals dependent on TRAIL. Another possibility is that tumor cell survival depends on chemokines or cytokines secreted by the recruited macrophages. The second wave, on the other hand, is unlikely to be coagulation-dependent because later administration of anticoagulants does not have an effect on metastasis and could be, instead, responsible for extravasation, as reported by Qian et al. 39 Systemic changes arise in response to primary tumor growth and prime distant tissues for tumor cell implantation and proliferation. 40, 43 These are characterized by recruitment of bone marrow-derived progenitor cells that express, among other markers, CD11b. 40, 41, 43 Deposition of fibronectin, 43 expression of MMP-9, 40, 43 and lysiloxidase activity 50 in premetastatic niches have also been observed. We explored the role of coagulation in this process, using the aforementioned approaches: inhibition of TF with TFPI and inhibition of thrombin with hirudin. First, we show that the increase in CD11b ϩ cells in the lung associated with the premetastatic niche is not sufficient in itself to promote tumor cell survival. Coagulation and CD11b ϩ clustering were still required. Second, we asked whether the recruitment of CD11b ϩ cells in the premetastatic niche was coagulation dependent. We found that that was the case. Interestingly, macrophages recruited to the lung during the formation of a premetastatic niche had the same markers as those attracted to the tumor cells via clot formation soon after arrest in the lung. Thus, there are several means through which anticoagulation might inhibit metastasis, both through decreased survival at the targeted site and failure to form a premetastatic niche.
We propose that, in TF-expressing tumor cells, TF triggers the formation of a platelet clot around the tumor cells soon after arrest at a distant site. The clot then triggers the localization of monocytes/ macrophages to the tumor cells. These macrophages are required for survival of the tumor cell. Therefore, tumor cell TF can contribute to the metastatic process by initiation of a cellular process that results in the recruitment of macrophages to the tumor cell. Likewise, coagulation is required for the recruitment of a similar subset of monocytes/macrophages to distant sites in which circulating tumor cells settle and prosper. The dramatic reduction in lung metastasis provided by interruption of this succession of events opens an interesting therapeutic (and even prophylactic) opportunity in the treatment of metastasis. 
